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ABSTRACT

In this project study was conducted with the goal of understanding
the role of boron involved in structure-toughness property relationship
for SO32 and SO43 steels.

For a standard heat-treatment of austenitizing

(1 hr.) at 1700°F, water quenching and 1 hr. tempering at 1150°F SO32
steel (with 37 ppm B) lacked in toughness, while SO43 steel (with 2 ppm B)
showed good toughness.

In both steels all the boron was present in the

form of “soluble boron" i.e., Fe23 (B,C)6 borocarbide.

Experiments were

carried out to study the effect of various heat treatment parameters on
the precipitation behavior of Fe23 (B,C)6 . On austenitizing the Fe23
(B,C)6 borocarbide dissolved and on cooling it precipitated along the
grain boundaries.

This precipitation increased with tempering time and

tempering temperature.

The amount of precipitate in SO43 steel (2 ppm B)

was relatively less. And since SO43 steel (2 ppm B) had better toughness
the toughness of SO32 steel (37 ppm B) may be improved by reducing the
precipitation of Fe23 (B,C)6 borocarbide.

This may be done by reducing

the tempering time and/or tempering temperature.
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I.
A.

INTRODUCTION

MICROSTRUCTURE OF BORON STEELS
Boron steels are mainly used in a heat-treated state.

Because of

the great affinity of boron for nitrogen and oxygen and its tendency to
enter by substitution with carbon into carbides a major part of the
total boron present in the steel is combined in the form of various
oxides, nitrides and/or borocarbides.

It is possible, by selective

chemical attack, to separate the boron present in the steel into two
categories - boron "soluble" in acids and "insoluble" boron.

The

soluble boron comprises the boron in solid solution, the borocarbides

^23 (B,C)6 and M 3 (B,C) and boron oxides.

The "insoluble boron" is

mainly composed of the boron nitride BN.
Boron has been Widely used as a hardenability agent in low alloy
steels.

There is a direct relation between the hardening effect of

boron and the amount of boron present in the form of "soluble boron".
This relation passes through a peak, so that it is now accepted that
there is an optimum content of "soluble boron" leading to a maximum
increase in hardenability compared to a steel of identical composition
but without boron.

The optimum content of soluble boron is within the

range of 20 to 30 ppm, depending on the base composition.

M 23 (B,C)6

(borocarbide) has a major role in the microstructure-hardenability
relationships in low-alloy boron steel.

During cooling from aust

enitizing temperatures M 23 (B,C)6 precipitates are formed on the grain
boundary.

These precipitates have a parallel orientation relationship

with the parent austenite graon on one side of the boundary.

Therefore,

the interface between the precipitates and that austenite grain is of
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substantially reduced energy when compared to the energy of the grain
boundary and the nucleation of ferrite is prohibited on that side of the
grain boundary.
While the effect of boron on low-alloy steel with respect to harden
ability is known the effect on the toughness is not clear.

This project

studies a particular grade of boron steels S032 and S043 with the goal
of contributing to an understanding of the variations of the toughness
observed in these steels.

S032 has 37 ppm boron and S043 has 2 ppm boron.

They were received after a standard
1700°F

heat-treatment of austenitizing at

(1 hr.), water quenching, and temper (1 hr.).

While S032

(37 ppm B) shows a relatively higher tensile strength it lacks consid
erably in toughness.

Therefore, an indirect investigation of micro

structure-toughness relationship Was done.

The role of boron in this

relationship was assessed by observing the effect of different heattreatment parameters like austenitizing temperature, temper temperature
and time on structure and hardness.
B.

CHARACTERISTICS OF $032 AND $043 STEELS
The chemistry of the two steels investigated is shown in Table I

'BsOl' means "soluble boron".

It is in the form of borocarbide

(B,C)6 .

TABLE I
CHEMISTRY
M.

.22

.013 .43

.80

.47 .016 .0002 .024 .008

.0002

.14

.01

.81

.48 .02

.0037

Si

.11

1.24

SO 32 .098

1.21

S043

C

Cr

Mn

Steel

V

.41

Mo

Ji

B

Al_

N

.0037 .032 .0048

Bsol.
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TABLE II
MECHANICAL PROPERTIES
Fracture
Appearance
Transition
Temp °F

Steel

Yield
Strength
(Ksi)

Tensile
Strength
(Ksi)

S043

109.5

116.5

21.3

73.5

61

-127

S032

120.0

128.0

18.5

71.0

12

+63

%Elong(2")

%R.A.

Impact
Energy
50°F
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II.
A.

EXPERIMENTS

INTRODUCTION
Three experiments were carried out to understand the structure-

toughness relationship in the S032 and S043 steels.

The quenching

media used was brine at 10-12'°F to get a good materialistic structure.
Decarburization during heating was prevented by encapuslating the
specimen in a 3/8" diameter quartz tube.

Specimen size was 4" x 4" x 3/4".

Microstructures and hardness were noted for different heat-treatment
parameters like austenitizing temperature, tempering temperatures and
time.
B.

EXPERIMENT #1

Objective:

To determine the difference in the microstructures of

"as received" S032 and S043 steel samples.
Procedure:
(1)

Speciments of sized 4 " x 4" x 3/4" were cut with a vertical

band saw machine.
(2)

One surface of each specimen was made smooth by rubbing it

against a series of grinding cloth, starting with rough grinding and
ending with fine grinding.
(3)

The specimens were further polished smooth on the coarse and

the fine polishing wheels.
(4)

The specimen were etched, with 5% Nital Solution as an etchant.

(5)

An optical metallurgical microscope was used to check the

quality of etching and to see the microstructure of over-etched or under
etched, the specimen was repolished and etched until the microstructure
was clearly visible.
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(6 )

The microstructures were then observed in S.E.M. at high

magnification (5000X) and photographed.
C.

EXPERIMENT #2
Object:

To study the effect of different austenitizing temperatures

on structure and hardness of S043 (2 ppm B) and S032 (37 ppm B) steels.
The temperatures at which specimens were austenitized were 1700,
1800, 1900 and 2000°F.

Specimen size was i" x i" x 3/4".

Procedure:
(1)

Four speciments from each type of steel were cut by vertical

band saw machine.
(2)

One specimen of S032 (37 ppm B) steel and one of S043 (2 ppm B)

steel were encapsulated in an evacuated quartz tube.

First one end of

the quartz tube (diameter 3/8") was sealed with the help of oxy-acetylene
flame.

A specimen was then put in the tube and the tube was subjected to

evacuation by the forepump and then diffusion pum to 0.01 torr.
the oxy-acetylene flame was used to encapsulate the specimen.

Finally,
Reason

for encapsulation in evacuated tubes is to avoid decarburization during
heat-treatment.
(3)

A furnace was maintained at 1700°F.

One capsule was placed

in a crucible and placed in the furnace for one hour.

The specimen was

brine quenched by extricating the capsule with tongs and dropping it
in brine container.
(4)

The temperature of the tonne was 10-12°F.

One face of each specimen was made smooth by rubbing it

against a series of grinding surfaces, starting with a rough grinding
surface and ending with a fine grinding surface.
(5)

The specimen was further made smooth by polishing on a coarse

polishing wheel and then on a fine polishing wheel.
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(6 )

The specimen was etched with 5% nital as an etchant.

(7)

An optical metallurgical microscope was used to check the

quality of etching.

If overetched or underetched, the specimen was

repolished and etched until the microstructure was clearly visible.
(8 )

The microstructures of each specimen was then photographed

at high magnification in a scanning electron microscope (5000X).
(9)

Harndess was measured for each specimen with the help of

a Brinell hardness tester.
D.

EXPERIMENT #3
Object:

To study the effect of different tempering temperatures

and times on the structure and hardness of the S032 and S043 steels.
Procedure:
(1)

Twelve specimen of size £" x i" x 3/4" from each type of

steel were cut by vertical band saw machine.
(2)

Each specimen was austenitized by soaking the capsule for

one hour in a furnace maintained at 1700°F.
(3)

Each specimen was brine quenched.

Temperature of brine was

10-12°F.
(4 )

A separate furance was maintained at 950°F.

After brine

quenching, four encapsulated specimen were placed in a refractory
crucible and these were placed in the furnace.
one specimen was removed and air-cooled.

After every 15 minutes

The procedure was repeated at

tempering temperatures of 1050°F and 1150°F.
(5)

One face of each specimen was made smooth by rubbing it against

a series of grinding surfaces, starting with a rough grinding surface
and ending with a fine grinding surface.
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(6)

The specimens were further polished smooth "mirror-like" on a

coarse polishing wheel and a fine polishing wheel.
(7)

The specimens were etched, with 5% nital as an etchant.

(8) An optical metallurgical microscope was used to check the
quality of etching.

If underetched or overetched, the specimen were

repolished and etched until the microstructure was clearly visible.
( 9 ) The microstructure of each specimen was then photographed
at high magnification (5000X) in a scanning electron microscope.
(10)

Hardness was measured for each specimen by means of a Brinell

hardness tester.
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III.

A.

RESULTS

RESULT OF EXPERIMENT #1
No difference in the microstructures between the S032 steel and

the S043 steel could be detected.

The microstructure consists mainly

of martensite with a small amount of precipitate at the grain boundaries.
The microstructures can be seen in Figures la and lb.
B.

RESULT OF EXPERIMENT #2
Figure 2 shows the variation of Brinell hardness with austenitizing

temperature and also shows the photomicrographs for both the S032 and S043
steels.

C.

RESULT OF EXPERIMENT #3
Figures 3 and 4 show the variation of Brinell hardness with temper

temperatures for the S032 and S043 steels respectively.
are the microstructure photographs.

Also included
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Figure la

Microstructure of "as-received" (quenched and
tempered) S043 (2 ppm B) steel. 5000X.
Martensite + Fe23 (B,C)g ppt at grain boundary.

Figure 1

Microstructure of "as-received" (quenched and
tempered) S032 (37 ppm B) steel . 5000X.
Martensite + Fe23 (B,C)g ppt at grain boundary.
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TABLE III
AUSTENITIZING TEMP,°F VS. BRINELL HARDNESS
Steel

_____ Austenitizing Temp0F _________Brinell Hardness

S032

1700

95.0

(37 ppm B)

1800

95.0

1900

93.5

2000

92.5

S043

1700

92.0

(2 ppm B)

1900

90.0

2000

88.5

11

TABLE IV
BRINELL HARDNESS VS. TEMPER TIME FOR S032 STEEL (37 PPM B)
Temper Temp. °F

Temper Time, Min.

Brinell Hardness

950

15

94.0

950

30

93.5

950

45

93.0

950

60

92.0

1050

15

92.0

1050

30

92.0

1050

45

90.5

1050

60

90.5

1150

15

88.0

1150

30

86.5

1150

45

85.5

1150

60

84.0
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TABLE V
BRINELL HARDNESS VS. TEMPER TIME FOR S043 (2 PPM B) STEEL
Temper Temp. °F

_________ Temper Time, Min.

Brinell Hardness

950

15

93.0

950

30

93.0

950

45

92.0

950

60

92.0

1050

15

90

1050

30

87.5

1050

45

86.5

1050

60

86.0

1150

15

86.5

1150

30

85.0

1150

45

85.0

1150

60

84.0

Brinell Hardness
70 ____________ |____________ I___________ I------------ 1------------ 1------------1—
1700

1800

1900

2000

2100

2200

Austenitizing Temp., °F
Figure 2.

Brinell Hardness vs. Austeniziting Temp.

2300

_ l_.

2400

5000X
Martensite

5000X
Martensite
+
ppt at g.b.

. 950°F
1050°F
.1150°F

t/T

(/)
d>
c

"O

03

HZ

5000X
Martensite
+
Ferri te
+
ppt at g.b.

5000X
Martensite
+
ppt at g.b.
+
Ferrite
I____________I

Temper time, minutes
Figure 3.

Brinell Hardness vs. Temper time for S032 Steel (37 ppm B)

110

Brinell Hardness

100

90

80

70
15

30

45

60

75

go

Temper time, minutes
Figure 4.

Brinell Hardness vs. Temper time for S043 Steel (2 ppm B)

1Q5
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IV,

DISCUSSION

In Experiment #3 $032 (37 ppm B) and S043 (2 ppm B) steels were
brine quenched from the austenitizing temperature of 170Q°F at which
they were soaked for one hour to ensure complete austenitization.

Number

of S032 and S043 specimen were tempered 15 minutes, 45 minutes^ and 60
minutes at each of the following temperatures:

950, 1050, and 1150°F.

There was precipitation at the grain boundaries when tempered for
15 minutes at all the given tempering temperatures.

The amount of pre

cipitates increased with the increase in tempering times for all the
given temperatures.

The amount of precipitate in S032 (37 ppm B) steel

was relatively higher than that in S043 (2 ppm B) steel.

It has been

established that Fe23 (B,C)g borocarbide precipitate is the microstructural
feature commonly found in low-alloy boron steels in which free nitrogen
content is kept very low by melting practice and/or through nitrogen
trapping by a nitride forming element such as Titanium (4,1,7).
The chemistry of S032 and S043 steels shows that substantial
amounts of Ti and A1 are present.

These alloying elements woudl form

stable nitrides preventing the formation of BN and enhancing formation
of "soluble" boron, i.e., Fe23 (B,C)g borocarbide.
From Figures 3 and 4 it is seen that there is no formation of
ferrite for temper times 30 minutes and 45 minutes.

This may be attributed

to the role played by the grain boundary Fe23 (B.C)g borocarbide precipitate
(2).

These precipitates, formed during cooling, have a parallel cube

11 orientation relationship with the parent austenite grain on one side of
the boundary (5, 6 ).

Therefore, the interface between the precipitates

and that austenite grain is of substantially reduced energy when compared
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to the energy of the grain-boundary, and hence the nucleation of ferrite
is inhibited on that side of the grain boundary (5,6).
The decrease in Brinell hardness by tempering at 30 to 45 minutes
may be due to stress-relief of martensite.

Tempering for one hour at

each of the three temperatures - 950, 1050, and 1150°F.resulted in the
precipitation of boro-carbides at grain boundaries without inhibiting
the nuclearion of ferrite.

This is indicated in Figures 3 and 4.

The

formation of ferrite is due to the increased amount of borocarbide
precipitates at grain boundaries.

The coarse precipitates loose

coherency with the austenite matrix and consequently loose the power
to inhibit the nucleation of ferrite (5, 6 ).

Thus, the decrease in

hardness is due to ferrite formation and stress-relief.
Figure 2 shows the microstructures of the S032 and S043 steels
brine-quenched from one-hour austenitization at 1700, 1800, 1900 and
2000°F.

It is clear from the figure that the microstructures shows

complete martensite.
upon austenitization.

This implies that Fe2g (B,C)g borocarbide dissolves
Figures la, lb are the microstructures of "as-

received" S032 (37 ppm B) and S043 (2 ppm B) steels.

The microstructures

show predominantly martensite with slight precipitation at the grain
boundaries.

There is no ferrite present.

History tells that they were

tempered for one hour at 1150°F and their size was 11" x 7" x 3/4".
In Experiment #3 for studying the tempering effects, one hour
tempering resulted in precipitation at the grain boundaries and ferrite
formation in both the S032 and S043 steels.

This difference in ferrite

formation and relatively higher amount of borocarbide precipitate at
the grain boundaries is due to relatively small specimen size of
x | " x 3/4".
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A tempered martensite with small amounts of precipitate which
inhibits ferrit nucleation should actually give the best toughness in
both the S032 and S043 steels (3).

But the S032 (37 ppm B) steels

show coniderable lack of impact toughness, while this is not so for S043
(2 ppm B) steel.

This implies that boron plays a significant role in

the structure - toughness property relationship.
The "as-received" samples show that one hour tempering of S043
(2 ppm B) gives good toughness.

However, after the same heat-treatment

the toughness of S032 (37 ppm B) steel is poor.

Since all the boron in

both the steels is in the form of Fe23 (B,C)g borocarbide, the amount of
borocarbide and the tempering time at a given temperature definitely
influence the toughness property.

So, depending on the amount of "soluble

boron" there is a tempering time for a given tempering temperature
which gives the best toughness.

The one-hour tempering of S043 (2 ppm B)

is, thus, not equivalent to the one-hour tempering of S032 (37 ppm B)
steel at the same temper temperature.

To produce the equivalent effect

of superior toughness in S032 (37 ppm B) steel it should be tempered
for a certain time less than an hour.

l
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